ABSTRACT
Introduction
There is a great interest all over the world in the study of terrestrial radioactivity to carry out the radiological characterisation of soils and building materials. This kind of study is important not only for the assessment of public dose rates and health risks but also to keep reference-data record to document the possible changes in the environmental radioactivity induced by humans in future as far as the nuclear activities are concerned [1] .
Natural environmental radioactivity depends on the geological and geographic conditions, and appears at different levels in the soils of each different geological region [2] . It comes mainly from uranium ( 238 U) series, thorium ( 232 Th) series and natural potassium ( 40 K). Abnormal occurrences of uranium and its decay products in rocks and soils, and thorium in monazite sands have been identified in several areas of the world, e.g., Yangjiang in China, Rasmar in Iran, Kerala coast of India, etc. [3] [4] [5] .
This study deals with the measurement of specific activities of the naturally occurring radionuclides ( 238 U, 232 Th, and 40 K) in soil and consequently the assessment of γ-radiation dose. Soil samples were collected and their γ-radiation measured in our laboratory by γ-ray spectrometry using HPGe detector. The samples were collected from four sites (Bathinda, Amritsar, Pathankot and Dalhousie). These sites cover different geographical features, especially sandy soil at Bathinda and rocks at Dalhousie, making them interesting sites for radiological studies. Each site is different geologically and as well as climatically from the other. Amritsar and Bathinda fall in plain area of Punjab state of India. Pathankot is semi-hilly area at the border of Punjab and Himachal Pradesh states. Dalhousie is situated in the mountains of Chamba district of Himachal Pradesh. Although Amritsar and Bathinda both are plain areas, the nature of soil at these places is quite different from each other. Soil at Amritsar mainly consists of silty clay of low to medium plasticity. Texture of the soil at Bathinda is sandy to silty. Majority of the soil at Pathankot is a mixture of pebbles and sandy loam. Soil at Dalhousie is formed of hard and compact sedimentary rock (silty sandstone). Rainfall is frequent in Dalhousie all over the year, while the climate is drier in Amritsar and Bathinda.
four sites with 6 samples from each site. Each sample was taken from a depth of 5 cm -10 cm at a randomly chosen point within the site area. The only constraint was that no sample was taken close to a field boundary, tree, building, or other obstruction. However, sampling points at each site were selected at a minimum distance of 2 km from each other in order to cover a large area and to observe a significant local spatial variation in terrestrial radioactivity. In order to obtain representative samples, they were thoroughly mixed, sieved to remove stones, pebbles grass roots and straws and then crushed to pass through a 200 micron mesh sieve to homogenise the contents. Then they were air-dried for several days and finally, were packed in plastic cylindrical containers, which were well sealed with celluloid tape. The volume of the soil sample in the container was kept constant on 245 cm 3 . The samples filled in the containers were left for at least 4 weeks before measuring by γ-spectrometry in order to ensure that radioactive equilibrium was reached between 226 Ra, 222 Rn, and hence
222
Rn progeny. The volume of the soil samples was equal to that of the standard sample to maintain the geometrical identity. Therefore, due to the varying density of soils, the sample weight was also varying.
Soil samples were analysed for the activity of natural radionuclides using a High Purity Germanium (HPGe) coaxial n-type detector at Inter University Accelerator Center(IUAC), New Delhi. The detector had a resolution of 2.0 KeV at 1332 KeV and relative efficiency of 20% relative to a 3" × 3" NaI(Tl) detector. Spectrum was analysed using the software "CANDLE" (Collection and Analysis of Nuclear Data using Linux Network)"developed locally at Inter University Accelerator Center. The detector was shielded using 4" lead on all sides to reduce the background level of the system. Each sample was measured for a time period of 72,000 seconds. Activity concentration of each radionuclide was computed according to the following formula:
PA 100 100 Activity I 72000 ε
where PA is peak area for a given energy, I is γ-ray in- Th [6] . However, 226 Ra is generally not in equilibrium with 238 U because of geochemical reasons, therefore, the idea of using the energies of 226 Ra progeny was discarded.
234
Th is surely in equilibrium with 238 U and many authors use the 63.3 keV (3.6%) and 92.6 keV (4.9%) lines of 234 Th to determine 238 U. However, the interference of the 92.6 keV line from X-rays of Bi, Po, U and Th, and the interference of the 63.3 keV line from a 63.7 keV line of the thorium series may cause uncertainty in the results [7] . Moreover, the self absorption of these low-energy γ-rays in the sample material is significant and depends strongly on the varying composition and density of the sample. These facts may lead to the increase of the random error [8] .
In the present study, 238 .
235 U is determined using its own intensive line at 185.7 keV (57.5 %). Intensity of this peak relative to 238 U is about 2.6% that gives a little bit lower peak intensity and higher statistical uncertainty than that of the 63.3 keV peak of 234 Th. However, the 185.7 keV peak suffers from interference only from 226 Ra, and the uncertainty caused by self-absorption is less because the higher γ-ray energy. The photo peak at the 185.7 keV line is interfered by the 186.1 keV line of 226 Ra, which makes it necessary to resolve by using some mathematical relations. In the present analysis, the peak area under the 186 keV peak, was treated as sum:
To deduce 226 Ra contribution, it was assumed to be in equilibrium with its progeny. The intense γ-rays of 214 Pb and 214 Bi were used subsequently to determine 226 Ra activity. For example, 295.2 keV γ-ray of 214 Pb were chosen for this purpose to yield: where I( A X, E γ ) and (E γ ) are the emission probability and detection efficiency, respectively, for the E γ (keV) Ra at Bathinda is approximately equal to that at Amritsar. 226 Ra activity ratio less than unity as can be seen in Table 3 . Navas et al. [9] have reported 238 U/
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Ra ratio as low as 0.55 in the upper layer of soils (0 cm -20 cm). They explained it by the significant differences in mobility of these radionuclides. According to them, 238 U may be intensively leached from the soil surface and transferred to deeper soil sections where it accumulates. In comparison 226 Ra is very immobile and keeps constant. This disturbance from equilibrium might be attributed to the weathering of rocks and the activity of water on the soil [6] 226 Ra ratio more than unity. This may be attributed to the spread of fly ash enriched in uranium contents, which is originated from the combustion of coal from a thermal plant running in this area for more than 50 years.
Dose Distribution of γ-Radiations
Distribution of 226 Ra, 232 Th and 40 K in soil is not uniform. Therefore, in order to compare their combined radiological effect, a common index called the radium equivalent activity (Ra eq ) was used. The radium equivalent activity is a weighted sum of activities of the above three radionuclides based on the assumption that 370 Bq/Kg of 
Results of γ-radiation absorbed dose rate are shown in Table 4 . It ranged between 35.48 nGy/h for Pathankot location 6 and 145.55 nGy/h for Dalhousie location 3 at an average value of 89.24 nGy/h, which is higher by a factor of 1.49 than the world's average value of 60 nGy/h [2] .The contributions of 226 Ra, 232 Th and 40 K in the average value are in the ratio 28:56.2:15.78. Results for each sample as well as average results for each site are also listed in Table 4 .
To estimate annual effective dose, account was taken of the conversion coefficient from absorbed dose in air to effective dose and the indoor occupancy factor. The committee used 0.7 Sv/Gy for the conversion coefficient from absorbed dose in air to effective dose received by adults, and 0.2 for the outdoor occupancy factor [2, 13] . Effective dose rate outdoors in units of mSv per year was calculated by the following formula: -6 Annual effective dose(mSv)
Results for outdoor annual effective dose are shown in Table 4 . It ranged from 0.4 to 0.18 mSv with an average 
